ABSTRACT An experiment was carried out to study the effect of different forms of wheat (airtight silo stored whole wheat, conventionally stored whole wheat, and ground wheat included in pellets) and dietary xylanase addition on production results and gastrointestinal characteristics of broiler chickens. Ileal viscosity, pancreatic digestive enzyme activities, and the composition and activity of the intestinal microflora were considered as response parameters.
INTRODUCTION
In northern Europe, the feeding of whole wheat as a supplement to a concentrated compound feed for broilers is currently a common practice. This feeding strategy enables the broiler producer to use wheat grown on site, which reduces feed costs. Furthermore, it has been shown that the inclusion of whole grain prevents proventricular dilatation and mortality related to ascites and improves broiler performance, in particular the feed gain ratio (Jones and Taylor, 2001; Nahas and Lefrançois, 2001 ), which may be related to an increased starch digestibility (Hetland et al. 2002) . Feeding wheat that is harvested approximately 1 wk before full ripeness with a water content above 200 g/kg and stored in an airtight silo has been recommended to avoid expenses related to grain drying. Furthermore, the airtight storage of wheat has been shown to improve broiler growth and the feed conversion ratio (Petersen, 1999) . The airtight storage of barley has been shown to increase the metabolizable energy 2004 Poultry Science Association, Inc. Received for publication April 17, 2003 . Accepted for publication January 19, 2004. 1 To whom correspondence should be addressed: Ricarda.Engberg@ agrsci.dk. 925 pellets, whole wheat increased the relative weight of pancreas and gizzard and the dry matter concentration of gizzard content (P < 0.001). Whole wheat feeding reduced the pH in the gizzard contents (P < 0.01) and increased ileal viscosity. The addition of xylanase reduced ileal viscosity in birds receiving whole wheat to the same level as in pellet-fed birds. Whole wheat feeding resulted in lower activities of amylase in pancreatic tissue (P = 0.054), whereas xylanase addition increased chymotrypsin (P = 0.030) and lipase activities (P = 0.052). Whole wheat feeding resulted in lower intestinal numbers of lactose-negative enterobacteria (P < 0.05) and tended to reduce the ileal and cecal numbers of Clostridium perfringens (P ≤ 0.08). It is concluded that whole wheat feeding stimulates gizzard function, which in turn prevents potentially pathogenic bacteria from entering the intestinal tract.
of the grain as compared with dried barley, and it also improves nutrient digestibility and retention of phosphorus in broilers (Perttilä et al., 2001) .
The particle size of feed (e.g., coarsely ground mash vs. whole grains) has been shown to have a strong effect on the physiological function of the broiler gastrointestinal tract. It has been demonstrated that the size of the gizzard increases with an increase of the feed structure (Nir et al., 1994a,b; Svihus et al., 1997; Bennett et al., 2002; Engberg et al., 2002) . A reduction in gizzard pH and an increase in small intestinal pH were observed related to an increased particle size of the grain (Nir et al., 1994b; Engberg et al., 2002) . The microbial composition and activity in the broiler gastrointestinal tract has also shown to be influenced by the structure of the feed . In a previous study comparing mash and pelleted feed, mash feed resulted in lower numbers of enterobacteria and higher numbers of lactobacilli and Clostridium perfringens in the broiler intestinal tract. Microbial fermentation in terms of observed volatile fatty acid (VFA) concentrations was found to be lower in the ceca of mash fed birds .
Abbreviation Key: ASWW = airtight silo stored whole wheat; ATP = adenosine 5′-triphosphate; CSWW = conventionally stored whole wheat; NSP = nonstarch polysaccharides; SCFA = short-chain fatty acids; VFA = volatile fatty acids.
Exogenic enzymes such as xylanases are currently added to commercial wheat-based compound feed for broilers in order to improve growth and feed conversion ratio. The degradation of arabinoxylans, the major nonstarch polysaccharide (NSP) fraction in wheat, results in a reduction of intestinal viscosity. NSP-degrading enzymes are hypothesized to work in 2 steps, described as an ileal phase and a cecal phase (Bedford, 2000) . During the ileal phase, enzymes remove fermentable substrates. During the cecal phase, degradation products of sugars, such as xylose and xylo-oligomers, are fermented by cecal bacteria, thus stimulating the production of VFA and the growth of specific beneficial bacteria (Bedford, 2000) . The presence of viscous polysaccharides increases the microbial activity in the small intestine associated with poor broiler growth performance (Wagner and Thomas, 1978; Choct et al., 1996; Langhout et al., 1999) . Microbial bile acid deconjugation, leading to an impaired lipid digestion, has been suggested to be partly responsible for poor broiler performance. Many indigenous bacteria, including lactobacilli, enterococci, bifidobacteria, clostridia, and bacteroides, are able to catalyze bile acid deconjugation (Masuda, 1981; Klaver and van der Meer, 1993; Smits et al., 1998) . Among these bacteria, Streptococcus faecium and Clostridium perfringens have been shown to be very active regarding bile acid deconjugation and have been suspected to be primarily responsible for depression of chicken growth (Stutz and Lawton, 1984; Knarreborg et al., 2002) .
Until now, no information has been available as to whether and in which way the feeding of whole wheat and the dietary addition of xylanase influence the composition and activity of the broiler gastrointestinal microflora.
The aim of the present experiment was to study the influence of feeding whole wheat (harvested either with a water content of 22% and stored in an airtight silo or harvested at full ripeness with a water content of 16% and stored conventionally) and xylanase supplementation on the intestinal environment of the broiler chicken. Production results, activities of pancreatic digestive enzymes, ileal viscosity, and the composition and activity of the intestinal microflora were the response parameters considered.
MATERIALS AND METHODS

Birds and Diets
Ross 208 broiler chickens (n = 1,440) were included in a feeding experiment. All chickens received a pelleted starter feed during the first 2 wk followed by a pelleted grower feed (Table 1) . Pellets were fed with or without supplementation of xylanase (Ronozyme WX, 200 g/t feed).
2 The enzyme was provided in a soybean meal premix (100 g/kg), which was added at the expense of wheat (Table 1) . The amount of supplemental wheat increased from wk 3 (10% wheat) over wk 4 (25% wheat) to wk 5 and 6 (30% wheat). All supplemental wheat (variety Kris) was harvested from the same field. Groups 1 and 2 were fed with whole wheat harvested approximately 1 wk before full ripeness with a water content of 22% and stored in an experimental airtight silo 3 (ASWW) for 3 mo. Groups 3 and 4 received whole wheat harvested at full ripeness (water content 16%, stored conventionally, CSWW). Groups 5 and 6 were fed with pellets throughout the entire growth period. The diets were supplemented with conventionally stored wheat that was ground and included in the pellets at the same levels as whole wheat (Pellet). The chemical composition of the experimental diets is given in Table  1 . The diets did not contain antibiotics or anticoccidials (ionophores).
The chickens were inspected daily and dead birds were removed following registration of date and BW. When calculating feed conversion ratio, the BW of dead birds was also considered.
During 4 d in the fifth week of experiment, 4 chickens from 48 pens (8 replicates, 2 blocks per day) were killed by cervical dislocation. The contents of the gizzard, duodenum, jejunum, ileum, cecum, and rectum were quantitatively collected and pooled by segment before further analyses. Jejunum and ileum were identified as the intestinal segments cranial and caudal to Meckel's diverticulum. The weights of the empty gizzards were determined. The pancreas was quickly excised from each of 4 birds (2 male and 2 female) per pen, and then the pooled pancreatic weight for each pen was recorded. The organ samples were stored at −20°C until further analysis.
The experiment complied with the guidelines of the Danish Ministry of Justice with respect to animal experimentation and care of chickens under study.
Analytical Methods
Biochemical Analyses. Immediately after slaughter, the pH of the intestinal contents was measured with a combined glass/reference electrode (GK 2401C).
4 Dry matter of intestinal contents was analyzed after freezedrying of the samples. The viscosity of the ileal contents was measured at a shear rate of 30 s −1 using a Brookfield Digital DV-II cone/plate viscometer, 5 as described by Steenfeldt et al. (1998b) . The results of the viscosity measurements are expressed in centipoises. The concentration of adenosine 5′-triphosphate (ATP) was measured as an expression of microbial activity in the intestinal contents (Jensen and Jørgensen, 1994) using the luciferin-luciferase method of McElroy (1947), as described in detail by Jensen et al. (1995) . The concentration of VFA and lactic acid in The grower A diet was supplemented with increasing amounts of whole wheat (15 to 21 d, 10%; 22 to 28 d, 25%; 29 to 42 d, 30%). Groups 1 and 2 were fed with whole wheat harvested 1 wk before full ripeness (water content 22%, airtight storage, ASWW). Groups 3 and 4 received whole wheat harvest at full ripeness (water content 16%, conventional storage, CSWW). Xylanase was provided in a premix with soybean meal (100 g/kg), which was added to the diets of groups 2, 4, and 6 at the expense of wheat. After dilution with experimental wheat, the final dietary concentrations (g/kg) were Grower A, 0.2; grower B, 0.18; grower C, 0.15; grower D, 0.14.
intestinal contents was determined by gas chromatography under the conditions described by Jensen et al. (1995) .
Pancreatic Digestive Enzymes. The protein concentrations as well as the activities of amylase, lipase, chymotrypsin, and trypsin in pancreatic homogenates were analyzed as previously described by Engberg et al. (2000) . The results of enzyme activities are given as units per gram of pancreatic tissue.
Enumeration of Bacteria. Intestinal contents from each segment were immediately transferred under a stream of CO 2 into flasks containing 90 mL of a prereduced salt medium (Holdeman et al., 1977) . This suspension was further homogenized for 2 min in CO 2 -flushed plastic bags using a bag mixer.
6 Subsequently, the sam-6
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ples were serially diluted in 10-fold steps using prereduced salt medium according to the technique of Miller and Wolin (1974) . The number of bacteria requiring anaerobic conditions was determined using anaerobic roll tubes containing glucose-cellobiose agar supplemented with chicken fecal extract (Barnes and Impey, 1974 ) and incubated at 38°C for 5 d. Presumptive lactic acid bacteria were enumerated on MRS agar, 7 and presumptive lactobacilli were enumerated on Rogosa agar.
7 Both plates were incubated in an anaerobic cabinet at 38°C for 48 h. Characteristic white colonies on Rogosa plates were recognized as Lactobacillus salivarius and counted separately (Engberg et al., 2000) . Presumptive enterococci were counted on Slanetz and Bartely agar plates 7 after aerobic incubation at 38°C for 48 h. Presumptive coliform bacteria and lactose-negative enterobacteria were counted on MacConkey agar 7 incubated aerobically at 38°C for 24 h as red and colorless colonies, respectively. Numbers of presumptive Clostridium perfringens were counted on tryptose sulfite cycloserine (TSC) agar plates according to the method of the Nordic Committee on Food Analysis (1997).
At harvest and then every 14 d, for a total of 6 times during storage, samples of the airtight stored wheat were taken for enumeration of presumptive aerobic bacteria, anaerobic bacteria, coliform bacteria, lactic acid bacteria, and yeast and mold. The wheat samples were treated as described above for samples of intestinal contents. Presumptive aerobic bacteria were counted on PCA agar 7 following incubation at 25°C for 24 h. Anaerobic bacteria were enumerated using anaerobic roll tubes containing rumen fluid-glucose-cellobiose-agar (Holdeman et al., 1977) incubated at 38°C for 7 d. The numbers of coliform bacteria and lactic acid bacteria were determined as described above for intestinal samples. Yeast and mold were enumerated on MCA agar containing (distilled water): 3.0 g of yeast extract, 7 3.0 g of malt extract, 5.0 g of peptone from meat peptic digested, 7 10 g of glucose, 7 15 g of agar, 7 and 0.05 g of chloramphenicol. MCA agar plates were incubated aerobically at 25°C for 48 h.
Statistical Methods
Statistical analysis of results was performed using the GLM procedure of the SAS software (SAS Institute, 1988) according to the following general model:
where Y ijk was the observed dependent variable, µ was the overall mean, α i was the effect of wheat (ASWW, CSWW, or ground wheat included in the pellet), β j was the effect of enzyme addition, (αβ) ij was the interaction between wheat and enzyme addition, δ k was the effect of block, and ε ijk was the random error.
Results obtained from measurements in the intestinal contents of gizzard, duodenum, jejunum, ileum, cecum, and rectum (bacterial counts, dry matter, VFA, and lactic acid concentrations) were analyzed separately for each segment. In cases in which the overall effect was significant (P < 0.05), means were compared pairwise (pdiff). Results are given as least square means with a pooled standard error (SE).
RESULTS
Characterization of Airtight Stored Wheat
With respect to appearance and smell, a distinct difference was observed between ASWW and CSWW. The silostored wheat kernels were considerably softer and had a pronounced aromatic and slightly alcoholic smell. The numbers of the different bacteria in the silo-stored wheat remained unchanged throughout storage (results not shown). However, yeast counts increased moderately from 3.0 log cfu/g of wheat at harvest up to 5.3 log cfu/ g at the start of the trial.
Production Results
The broiler production results are presented in Table  2 . At 14 d, BW of birds supplemented with xylanase were higher than those of nonsupplemented birds (P = 0.021). At 28 d, there was an interaction between the effects of wheat form and enzyme addition (P = 0.021). Supplementation with xylanase improved BW to a higher extent in broilers fed the pelleted diets compared with those receiving whole wheat. At 42 d, birds supplemented with xylanase weighed more than the nonsupplemented birds (2,129 g vs. 2,091 g, P = 0.003).
The feed gain ratio (Table 2) was influenced by the form of the supplemental wheat (P < 0.001) and was best in the group fed with CSWW supplemented with xylanase. Broilers fed with the enzyme-supplemented diets consumed less drinking water compared with those fed with the nonsupplemented diet (6.33 vs. 6.61 L, P < 0.001). The form of the wheat also had an influence on water consumption (P < 0.001). Birds receiving ASWW and CSWW drank less (approximately 0.3 and 0.2 L, respectively) than pellet-fed birds. Dietary addition of xylanase resulted in a lower water feed ratio (P = 0.005). The water feed ratio was higher in birds fed CSWW compared with the birds receiving ASWW or pellets only (P = 0.003).
The mortality of birds supplemented with xylanase tended to be lower compared with nonsupplemented birds (P = 0.126).
Weight of Pancreas, Activities of Pancreatic Digestive Enzymes, and Weight of Intestinal Tract
The relative weight of pancreas was influenced by the form of the wheat (P < 0.001) and was higher in birds fed whole wheat compared with pellet-fed birds (Table 3) . The activity of amylase (U/g of pancreatic tissue) tended to be lower in birds fed CSWW than the other 2 groups (P = 0.054). The supplementation of xylanase resulted in an increased concentration of proteins in pancreatic tissue (P = 0.011) and increased chymotrypsin (P = 0.030) and lipase (P = 0.052) activities.
The weights of the gizzards (Table 3) in relation to BW (g/kg of BW) were higher in birds fed whole wheat (ASWW, 17.3 g; CSWW, 17.7 g; pellet, 10.8 g, P < 0.001). The addition of xylanase resulted in a reduction of the relative weight of jejunum (P = 0.021) and ileum (P = 0.117). The relative weight of the cecum was influenced by the form of wheat (P = 0.001), and was lowest in birds fed ASWW (Table 3) .
Intestinal Dry Matter and Ileal Viscosity
The dry matter content (Table 3) in the contents of the gizzard was influenced by the form of the supplemental wheat (P < 0.001) and was lower in pellet-fed birds compared with the birds receiving whole wheat (dry matter: ASWW, 43%; CSWW, 47%; pellet, 28%). Birds fed with CSWW had a higher dry matter content in the digesta of Means within the same row with different superscripts differ significantly (P < 0.05).
the gizzard than birds fed with ASWW (P < 0.05). In contrast, a higher dry matter content (approximately 2% units) was found in the small intestine of pellet-fed birds compared with birds fed with whole wheat (P < 0.001).
The dry matter content in the contents of the rectum was likewise in the range of 1 to 2% units higher in pellet-fed birds than those receiving whole wheat (Table 3) . With respect to the viscosity of ileal contents ( Figure  1 ), an interaction between xylanase addition and form of the wheat (P = 0.042) was observed. Ileal chyme viscosity was reduced following dietary addition of xylanase. Furthermore, birds supplemented with whole wheat showed a higher viscosity in ileal contents as compared with pellet-fed birds. Xylanase supplementation of diets containing whole wheat reduced ileal viscosity to a greater extent than in pellets.
Microbial Composition and Activity in the Digestive Tract
The results of the bacterial counts in different segments of the digestive tract are shown in Tables 4 and 5 . The number of anaerobic bacteria (Table 4) increased from the proximal part to the distal part of the intestine with highest values measured in the cecum. In the gizzard contents from pellet-fed birds, the number of anaerobic bacteria was approximately 3 times higher compared with those receiving whole wheat (P = 0.008). Enzyme addition increased anaerobic counts in the contents of the jejunum (P = 0.035).
The counts of coliform bacteria (Table 4) tended to be lower in ileal contents of birds receiving whole wheat than for those pellet-fed (P = 0.136). The addition of whole wheat reduced the number of lactose-negative enterobacteria (P < 0.05) in the entire intestinal tract with the exception of cecal contents (Table 4 ). The counts of these bacteria were approximately 10 times lower in birds fed with whole wheat than in pellet-fed birds.
Generally, C. perfringens counts (Table 4) varied considerably more than the numbers of other intestinal bacteria. In gizzard contents, C. perfringens numbers were below the detection limit of 10 3 bacteria/g of contents. In the digesta from the lower part of the intestinal tract, C. perfringens counts were up to 10 times higher in pellet-fed birds than in birds supplemented with the 2 types of whole wheat (ileum, P = 0.081; cecum, P = 0.053, rectum, P = 0.162).
The number of lactic acid bacteria (Table 5 ) was about 2 times higher in the jejunum of birds fed ASWW and CSWW than in those receiving pellets (P = 0.070). The supplementation with xylanase resulted in a similar increase in the number of lactic acid bacteria in the small intestine (jejunum, P = 0.095; ileum, P = 0.019).
There was no difference between the experimental groups with respect to L. salivarius counts (Table 5) . However, the numbers of other lactobacilli were about 2 to 3 times higher in the jejunum (P = 0.016) and 1 to 2 times higher in the ileum (P = 0.124) and cecum (P = 0.057) of birds fed with whole wheat (Table 5) . Throughout the gastrointestinal tract, enterococci counts (Table 5) tended to be lower in birds fed whole wheat than for pelletfed birds but were 2 times lower in the cecal contents (P = 0.040).
The pH (Table 6 ) in gizzard contents of chickens receiving whole wheat was lower compared with pellet-fed birds (ASWW, 3.00; CSWW, 2.96; pellet, 3.45, P = 0.003). In the proximal part of the small intestine, the pH was reduced following feeding of whole wheat (Table 6 ) compared with pellet feeding (ASWW, 5.64; CSWW, 5.58; pellet, 5.71, P = 0.014). The addition of xylanase reduced the pH in the contents of duodenum and jejunum from pH 5.68 to 5.61, (P = 0.048) and in the contents of the cecum from pH 5.63 to 5.52 (P = 0.017). The pH was higher in the rectal contents (Table 6 ) from bird receiving the CSWW compared with the other 2 groups (P = 0.004).
The concentration of ATP (Table 6 ) in the gizzard contents of pellet-fed birds was higher than in birds fed whole wheat (P < 0.001). Throughout the entire intestinal tract, dietary xylanase supplementation tended to increase the concentrations of ATP (P < 0.07) but increased ATP concentrations in the contents of the gizzard (P = 0.013) and upper small intestine (P = 0.034).
The major products of microbial fermentation in the ileum were lactic acid and acetic acid (Tables 6 and 7) . Xylanase supplementation increased the concentration of lactic acid in ileal contents (67.2 vs. 55.6 µmol/g, P = 0.051). In the cecum, lactic acid was found only in trace levels or at concentrations below the detection limit. Lactic acid concentrations in the rectum tended to be lower in birds supplemented with xylanase than in nonsupplemented birds (71.9 vs. 80.4 µmol/g, P = 0.127). The form of the wheat also influenced lactic acid concentrations in the rectum (P = 0.073). Birds receiving diets with whole wheat had lower concentrations of lactic acid in the rectum than pellet-fed birds (µmol/g contents: ASWW, 73.4; CSWW, 70.1; pellet, 84.9). The concentrations of VFA, acetic acid, propionic acid, and butyric acid in different segments of the digestive tract are shown in Table 7 . In the gizzard contents, the concentration of acetic acid was higher in birds receiving whole wheat than the pellet-fed birds (µmol/g contents: ASWW, 3.6; CSWW, 3.1; pellet, 1.8, P < 0.001)). In the ileum and cecum, acetic acid concentrations were not influenced by the form of wheat or by xylanase addition (P > 0.05). However in the distal end of the digestive tract, the concentration of acetic acid was somewhat higher in pellet-fed birds compared with in broilers fed whole wheat (µmol/g contents: ASWW, 22.8; CSWW, 19.3; pellet, 27.2, P = 0.046). The concentrations of propionic acid and butyric acid in the rectal contents were also higher in pellet-fed birds (propionate, P = 0.002; butyrate, P = 0.020). The calculation of the molar ratio of propionate and butyrate expressed as percentage of the total VFA concentration also revealed higher proportions of these short-chain fatty acids (SCFA) in the rectal contents of pellet-fed birds (propionate: ASWW, 0.45%; CSWW, 0.18%, pellet, 1.12%, P = 0.001; butyrate: ASWW, 13.81%; CSWW, 10.79%, pellet, 15.04%, P = 0.014). There was no difference between the dietary groups with respect to the molar ratio of acetate in any of the intestinal segments (P > 0.05).
DISCUSSION
The microbiological profile of whole wheat did not change dramatically during airtight storage, but a slight increase of yeast numbers was observed. The slight alcoholic smell of the ASWW was very likely attributed to the growth of yeast fermenting carbohydrates to ethanol. In a previous study, Petersen (1999) found a considerable increase in yeast and molds during airtight storage. However, in that study, the water content of the wheat was higher (approximately 25%) than in the present experiment (22%).
Generally, differences between the 2 types of whole wheat with respect to their influence on broiler performance and gastrointestinal characteristics were only marginal, whereas distinct differences were observed between groups receiving whole wheat and those fed with pellets. In accordance with other authors (Brenes et al., 1993; Steenfeldt et al., 1998b) , the present experiment showed that the dietary addition of xylanase increased BW (P < 0.05). At 28 d, whole wheat feeding resulted in heavier BW than pellet feeding (Table 2 ). However, the interaction between wheat and enzyme (P = 0.021) indicated that xylanase addition at this age seems to improve BW to a higher extent in pellet-fed birds. Feed gain ratio was influenced by the form of the supplemental wheat (P < 0.001) and was best in the group fed CSWW supplemented with xylanase. However, when feed gain ratio was calculated, the dry matter content of the wheat was not taken into consideration, which would improve the results obtained in the groups fed ASWW and would worsen the results for the feeding of pellets. The present findings are in accordance with the results of Jones and Taylor (2001) , suggesting that the dietary inclusion of whole grain results in similar production responses as does the incorporation of ground grain into pellets.
The differences in the dietary water content had obvious consequences for the consumption of drinking water. Although the feeding of whole wheat (regardless of storage conditions) reduced water intake as compared with pellet feeding, a higher dry matter content was found in the distal end of the digestive tract (rectum) of pellet-fed birds (Table 3) . Xylanase supplementation also reduced water consumption (P < 0.001), which was probably related to the lower digesta viscosity (Figure 1) .
The increase in feed structure as related to whole wheat feeding resulted in heavier relative gizzard weights (Table 3), which indicated a pronounced mechanical gastric stimulation, and was in accordance with previous results (Svihus et al., 1997 , Jones and Taylor, 2001 . Furthermore, a greater dry matter content (Table 3) was found in the gizzard contents of birds fed with whole wheat, which indicated a higher retention time of the feed at that location . In contrast to pellets, which easily disintegrate in the upper gastrointestinal tract and rapidly pass through the proventriculus and gizzard to enter the duodenum, whole wheat remains for a longer time in the gizzard and is extensively ground there.
Relative pancreatic weights increased in relation to increases in feed structure, which was in accordance with the results of Nahas and Lefrançois (2001) and Engberg et al. (2002) . In the present study, we found a slight influ- ence of wheat form and a more pronounced effect of dietary xylanase addition on pancreatic enzyme activity. Pancreatic amylase activity was lower in birds fed CSWW than in the other 2 groups. This group also had the best feed gain ratio. Svihus and Hetland (2001) reported on an increased starch digestibility in broilers fed with whole wheat. The authors suggested that this finding is related to the stimulation of the gizzard, which exerts a regulative function in preventing starch overload in the small intestine. The lower amylase activity observed in the group fed CSWW may be a reflection of the lower starch load in the upper small intestine of these birds. An increased starch digestibility may likewise explain the improved feed gain ratio observed in the same group. The activity of pancreatic lipase and chymotrypsin increased in relation to xylanase addition (P = 0.052 and P = 0.030, respectively), which may have contributed to the improvement in protein and fat digestibility observed in birds fed wheat-based diets supplemented with xylanase (Steenfeldt et al., 1998a; Dänicke et al., 1999; Hubener et al., 2002) .
Although the viscosity was generally low in ileal digesta of all treatment groups (Figure 1 ), the present results indicated that inclusion of whole wheat increased viscosity. The significant interaction between form of wheat and enzyme addition (P = 0.042) showed that xylanase reduced ileal viscosity efficiently following whole wheat feeding to a higher extend than following feeding with pellets. These results suggest that diets providing whole wheat should be supplemented with xylanase.
Differences with respect to the composition and activity of the intestinal microflora were found in relation to wheat form and xylanase addition at different locations of the digestive tract (Tables 4 and 5 ). The low pH values observed in the gizzards (Table 6 ) from birds fed with whole wheat indicate either a stimulation of bacterial fermentation or an increased secretion of hydrochloric acid by the proventriculus or both. Higher concentrations of VFA, in particular acetate (P = 0.006), were found in the gizzards of birds fed with whole wheat (Table 7) , reflecting the fermentation pattern of lactobacilli. Accordingly, the numbers of L. salivarius and other lactobacilli in the gizzards tended to be higher following whole wheat feeding (Table 5) .
Whole wheat feeding, particularly the feeding of ASWW, resulted in a reduction in the numbers of lactosenegative enterobacteria throughout the gastrointestinal tract (P < 0.05) with the exception of the cecum (Table 4) . Lactose-negative enterobacteria are gram-negative bacteria that are characterized by their inability to ferment lactose. This group of bacteria includes several potentially pathogenic genera such as Salmonella. It is assumed that bacteria that are not very acid-tolerant (Naughton and Jensen, 2001 ) are killed more efficiently in the gizzard of birds fed whole wheat than in pellet-fed birds, where the pH is higher and the retention time of the feed in the gizzard is considerably shorter. The observed lower number of anaerobic bacteria in the gizzard of birds fed with whole wheat (P = 0.02) may confirm this hypothesis (Table 5).
As shown in Table 5 , the growth of C. perfringens seems to be inhibited in intestinal contents following whole wheat feeding. Due to the large variation, statistical significance (P < 0.05) could not be achieved, although the differences between pellet-fed birds and birds receiving whole wheat were numerically quite considerable. It is not very likely that the spore-forming C. perfringens is sensitive to a longer exposure at low pH in the gizzard comparable to lactose-negative enterobacteria. Clostridium perfringens is responsible for the development of necrotic enteritis, a serious intestinal disease causing production losses related to poor performance and mortality. It has been shown that the growth of C. perfringens depends to high extent on the qualitative and quantitative intestinal nutrient supply (Kaldhusdal, 1999) . A possible explanation for the lower numbers of C. perfringens in birds fed whole wheat may therefore be the lower concentration of easily fermentable nutrients in the small intestine, in particular starch, that is mediated by the gizzard regulating the filling of the small intestine Hetland, 2001, Hetland et al., 2002) . In a previous study, it was shown that intestinal C. perfringens counts were higher when feeding mash diets compared with pelleted feed . Although mash and whole wheat feeding both stimulate gizzard function, the feed gain ratio is much better following whole wheat feeding. This indicates excellent nutrient digestion resulting in a reduction of nutrients available for bacterial fermentation in the small intestine.
The numbers of enterococci were lower in the digestive tracts of birds receiving whole wheat (Table 5 ) compared with pellet-fed birds. This finding agrees with that of Engberg et al. (2002) , who reported significantly higher enterococci counts associated with feeding pelleted vs. mash feeds. Enterococci produce large amounts of lactic acid, which may be reflected by slightly higher lactic acid concentrations in the digestive tract of pellet-fed birds (Table 6) . Clostridium perfringens and Enterococcus faecium isolated from the broiler intestinal tract are both dominant with respect to deconjugation of bile acids (Knarreborg et al. 2002) , which has been shown to impair lipid absorption in broilers. However, it remains unclear whether the lower feed utilization observed in pellet-fed birds may be connected to the bile acid deconjugation mediated by high numbers of intestinal bacteria.
Compared with pellet-fed birds, the counts of lactobacilli (Table 6 ) belonging to species other than L. salivarius were found to be higher throughout the gastrointestinal tract of birds receiving whole wheat. This indicates a shift in the composition of the lactobacilli population. Other lactobacilli species frequently isolated from the gastrointestinal tract of the chicken are L. reuteri, L. johnsonii, L. amylovorus, and L. acidophilus (Engberg, unpublished results) . The present results are similar to those from an earlier study , where this shift in lactobacilli composition was observed when the diet was fed as mash. It is not clear whether these changes are of any significance with respect to nutrition or gut health of the bird.
The present results indicate that xylanase addition stimulates growth of lactic acid bacteria in the small intestine (Table 5) , which is confirmed by higher lactic acid concentrations and higher ATP concentrations (Table 6) at that location. Vahjen et al. (1998) found an increased number of mucosa-associated lactobacilli in the small intestine of xylanase-supplemented broilers. It is possible that products of carbohydrate degradation derived from the activity of xylanase are already fermented in the small intestine by lactic acid bacteria. However, the concentrations of other SCFA, in particular acetic acid, in the small intestine were not influenced by xylanase supplementation (Table 7) . It has been suggested that sugars such as xylose and xylo-oligomers that escape enzymatic digestion may enter the cecum and may be fermented by the cecal microflora (Choct et al., 1999; Bedford, 2000) . The observed significant decrease of cecal pH (Table 6 ) in birds supplemented with xylanase (P = 0.017) may point in that direction. However, the difference between supplemented and nonsupplemented birds regarding cecal pH was numerically negligible, which may question the physiological significance of this finding. In contrast to the results of Choct et al. (1999) , no significant increase of VFA concentration was found in cecal contents of xylanase-supplemented birds (Table 7) .
In the contents from the distal part of the digestive tract, bacterial fermentation as evaluated by the concentrations of lactate and other SCFA appears to be higher in birds receiving pellets (Tables 6 and 7 ). This finding indicates that more fermentable nutrients were present at that location, which might reflect a lower nutrient utilization in terms of enzymatic digestion and bacterial fermentation in the proximal digestive tract.
In conclusion, it can be stated that whole wheat feeding not only reduces production costs, but also seems to improve gut health. A reduction in gizzard pH by stimulation of the gastric function (hydrochloric acid secretion, bacterial fermentation) and increased gizzard retention time are possible major advantages of this feeding strategy. After oral uptake, pathogens such as Salmonella and Campylobacter enter the gastrointestinal tract via the proventriculus and gizzard where these bacteria may be killed by the acid environment in a time-dependent manner. Therefore, the gizzard can be regarded as a barrier organ in the prevention of pathogenic bacteria entering the distal intestinal tract. Furthermore, there are some indications that whole wheat feeding also reduces intestinal numbers of C. perfringens, which may be important in the prevention of necrotic enteritis. Further experiments on the beneficial effects of whole wheat feeding on gut health should be conducted including birds challenged with the respective pathogenic organisms.
